The aim of this study is to show how the Design of Experiments (DoE) Method can be put into use as a practical method to model an operating photovoltaic PV generator. Experiments were carried out and the whole currentvoltage characteristics (I-V) were drawn. A mathematical model describing the variations of the Open-circuit voltage (V oc ) and Short-circuit current (I sc ) versus solar irradiance level and temperature was obtained with the DoE Method. This model is a predictive model. With the help of the HIDE software we can simulate the PV panel behavior and forecast, in real time, the variations of V oc and I sc anywhere in the surveyed experimental domain. The basic concepts of the DoE Method that makes it possible to properly define and establish the model are presented. Then a complete analysis of measurements is performed in order to interpret the results and optimize the method.
Introduction
Many studies were carried out to forecast photovoltaic array production, in normal operating conditions or subject to mismatch losses due to shadow problems [1] [2] [3] [4] [5] [6] [7] [8] . Usually, modelling of a photovoltaic production system is based on models taking into account the physics of compound and electronic and energetic behaviour of the various part of the system, as function of the solar irradiation V I 4 1 2 3 and operating temperature. We introduce a new approach for modelling the production system using the Design of Experiments (DoE) method. This method considers a physical system or process as a black box with various inputs and outputs, called factors and responses, respectively, modelled using statistical tools [9] [10] [11] [12] [13] . Its operation is described by a mathematical function, which is established from in situ initial measurements. In the present original application, to forecast the PV panel operating conditions using the DoE method, this can be achieved by measurement of some discrete combinations of the maximal available panel power, the open-circuit voltage, and short circuit current values at given environmental conditions, i.e. temperature and irradiance level.
Experimental setup and measurements
Experiments were done with a commercial BP Solar, BP 350 panel (P max =50 W maximum power for V mp =17.5 V and I mp =2.9 A) including 72 multicrystalline silicon cells arranged in a 4x18 matrix connected in 2 parallel strings of 36 in series. A schematic representation of the panel is shown in Figure  1 . The illumination is provided by DELTALAB illumination sources with 6 quartz-halogen bulbs (1 Kw each) in batteries with reflectors. The irradiance level can be controlled varying the distance between the panel and light battery. For a set distance, the short-circuit current of the panel under full illumination and a thermal equilibrium is taken as a proportional value to the radiation level for all measurements. These experimental conditions were described in [14] . All the analyses and interpretations of the experimental results were performed using dedicated software named HIDE [15] .
Three levels of irradiance were simulated by varying the source-distances, SD equal to 1.10 m, 2.00 m, and 2.80 m, corresponding to a full daylight to sunset light variation, being equal to 2.5, 1.5, and 1.0 A, respectively. The temperature, measured with an infrared thermometer, can be lowered through the action of a fan simulating atmospheric conditions in actual operation. Values ranged from 25 to 60 °C. Fifteen trials were carried out varying the three considered source-distances (S-D) and temperature values, taking measurement for each position. After recording the measurements, the open-circuit voltage V oc , the shortcircuit-current I sc , the maximum power voltage and maximum power current, V max and I max , respectively for maximum power P max , were calculated. The results are reported in Table 1 . including 72 cells arranged in a 4x18 matrix connected in parallel strings of 36 in series
Presentation of the Design of Experimental method and experimental results
For an experimenter, the quantity of interest, noted y corresponds to the response of an experimental process. It has for coordinates the experimental points xi with i=1,2,…,k. The function that links the y response to the k factors, takes the form of a polynomial expression of maximum degree 2.
The quantity y is measured during the experiment, in our case, y stands for the open-circuit voltage, V oc , the short circuit current, I sc , and the maximum output power, P max . In this equation, a 0 , a i , a ij , a ii , are the unknown coefficients to be calculated from the experimental measurements values and they correspond to the effects and interactions in factorial designs.
Experimental domain and study domain
To graphically illustrate an experimental space, we use a two dimensional area ( Figure 2 ). This representation allows an easy extension to multidimensional spaces. One continuous factor can be represented by a directed and graduated axis. If there is a second continuous factor, it is represented by a similar axis. This second axis is drawn orthogonally to the first. Mathematically, this gives a Cartesian plane that defines a Euclidean space in two dimensions. This area is called the experimental space. The experimental space is composed of all the points of the plane factor 1 x factor 2 where each point represents an experimental trial. The value given to a factor while running an experimental trial is called a level. When we study the effect of a factor, in general, we restrict its variation to be between two limits. The lower limit is the low level (-1). The upper limit is the high level (+1). The set containing all the values between the low and the high level that the factor can take is called the factor's domain of variation. In practice, the experimenter chooses a portion of the experimental space to carry out the study. This special zone of the experimental space is the study domain. This domain is defined by the union of the domains from the different factors.
Centered and scaled variables (csv)
In order to give a general presentation of the DoE theory, we change the Cartesian coordinate system by performing two operations: (i) a translation of the axes for a positioning of the new summit at the center of the studied domain and (ii) a change in the axes units so that the low and high levels take the value -1 and +1. The change from the original variables A to the Centered and Scaled Variables (csv) and vice versa, is given by the following formula, where A 0 is the central value in original units (or engineering units). Centering refers to the change of origin and scaling refers to the change of units. The experimental runs can be arranged in tabular form, using either the engineering measurements or the coded measurements where upper and lower levels of each factor are defined and values of the measured responses given for V oc , I sc , and P max . ( Table 1 ).
Mathematical models for V oc , I sc , and P max
The first eleven trials of Table 1 are used to establish the fitted model (runs 1 to 11). The four last trials 12, 13, 14 and 15 are used to check the validity of the model (comparison between predicted and measured responses). All the corresponding experimental points are represented within the study domain, Fig. 2 with the factors being the irradiance-distance (m) and the temperature (°C); The responses being either V oc , I sc , or P max . The experimental domain is chosen to include all the 11 experimental points, taking as low levels (-1) the minimum values of the two factors (SD=1.10 m and T=25 °C) and as high levels (+1) their maximum values (2.80 m and 60°C) (Table I) . The distribution of the 11 experimental points in the study domain is shown in Fig. 2 . The responses measured during an experiment are random variables and should be treated in a special way. We cannot assume that the responses are obtained with an infinite precision. Despite all the care taken during experiments, each measurement is marred by uncertainty called "experimental error" or "measurement error" or "pure error". We must take into account these errors. The expression of the model will include an additional term called the standard deviation, e, which corresponds to the sum of the model fit and experimental errors. The model, which is linear to the coefficients and taking into consideration of the standard deviation, is given by the following equation: y = a 0 + a 1 x 1 + a 2 x 2 + a 12 x 1 x 2 + a 11 x 12 + a 22 x 22 + e (3) To solve the linear system, an additional consideration named the least squares criterion has to be made. The least squares criterion then allows us to obtain the additional equations needed to solve the linear system (Eqs. 21 or 22). This criterion point out minimization of the errors e or, in other word the sum of squared residuals that we can expressed as: 12 x 1i x 2i + a 11 x 1i 2 + a 22 x 2i 2 )} 2 = e'e (4) The resolution of this system has been mathematically developed and presented in detail in [14] . Experimental results, Table 1 , obtained in the present work lead to the three models, in coded units:
It is understood that with these models we can calculate any response located in the study domain. Any value assigned to the levels x 1 and x 2 gives directly the estimated responses. Since the models are in coded units, the calculations must be done in these units. Note that the short-circuit current I sc depends on irradiance only.
Evaluation of the models quality
We can check the validity of the three models by comparing the predicted response (experimental and control point) to the initial response at the same point (Table 2 ). The smallness of the discrepancy between the initially measured values and calculated ones shows that the three models give a fair estimation within the experimental error.
Graphical representation of V oc , I sc , and P max forecast within experimental domain
The software HIDE [15] , dedicated to design of experiments method, gives a good idea of the contribution of data processing to the design of experiments and assistance that an experimenter can expect. Design construction is simplified, difficulties in calculations removed. It also allows rapid visualization of graphs that gives unique insights into experimental results.
The three models (5), (6) and (7) , let us draw the corresponding graphs: 1-The response surfaces and contour curves (Fig 3) , 2-Histograms and sector representation of the coefficients (Fig. 4) , and 3-The contour curves are drawn on the same graph ( Fig. 5) .
Each point in the study domain corresponds to a response. Together, all the points in the study domain correspond to a collection of responses located on a surface. This representation in 3D gives a good insight of the localization of maximum power inside the experimental domain. With the corresponding contour curve, we can obtain its value The influence of irradiance is markedly larger than that of temperature on maximum power (74.15% for irradiance, only 2.3% for temperature). Open circuit voltage is more influenced by temperature (40.62% against 26.16%). Temperature hasn't any influence on the short circuit current.
Fig.5.Contour curves
The contour curves shown in Fig. 5 , point out the small dependency of P max on temperature, the nodependency of I sc on temperature, and how V oc is seemingly equally dependent on temperature and irradiance. Finally, to illustrate the use of the dedicated software, we present in Fig. 6 its main screen allowing for a user, to determine the behaviour of the main quantities describing the photovoltaic generator, i.e. V oc , I sc , and P max as evaluated and presented in this work. 
Conclusion
We have shown that the Design of Experiments (DoE) method can be used to forecast the behaviour of an operational PV panel. The parameters V oc , I sc , and P max of the I-V characteristic corresponding to any experimental point of the study domain, can be determined. The conditions of use (place of installation, irradiance, temperature) are essential and are taken into consideration in this work. The conclusions of the study are valid only in the inside of the study domain. Outside, it is possible to have a guess, but such results should never be viewed as true prediction and should not be used to draw conclusions without holding additional verification trials. The DoE method is a good tool to forecast all the parameters of PV panel(s) for any operation point under any operating condition, as illustrated in this work with the behavior of V oc , I sc , and P max determined as function of irradiation and temperature. The DoE method constitutes an excellent tool for studying and comparing the quality of different PV panels. Its correct implementation requires the use of dedicated software. This helps to make all the transformations, calculations, and illustrations of the results.
